2 . The HWHM of the DQ 2 law is also represented. These calculations show that confined diffusion within a given potential (e.g. a pore) can also yield a QENS Lorentzian profile that, at sufficiently low Q, has a FWHM independent of Q. Under these circumstances, a diffusive motion could be misinterpreted by a rotational motion. In the 1980s, Dianoux and Volino worked on this problem to try to understand and model water (or small molecule) diffusion inside pores, cavities, membranes, etc. Initially they calculated S(q,w) for spherical potentials 2 and then generalised for anisotropic potentials. The graph below if for the predicted HWHH for diffusion inside an impenetrable sphere of radius r=a; the other line is simple Fickian diffusion. The key feature is that a kink emerges around (Qa) 2 = 16-20 Å -2 . We can therefore estimate approximately where a characteristic kink on the FWHM should occur: for a sphere of radius a = 3.15 Å, we should observe a change of slope between Q 2 = 1.6 Å -2 and 2.0 Å -2 . The flat behaviour observed in Fig. 3b (main text) for Q 2 ranging from 0.52Å -2 to 3.1Å -2 allows ruling out this type of motion. Moreover, the same argument allows ruling out any similar constraint diffusion with a radius larger than 2.6 Å, which given the steric hindrance within the cage and the size of the MA + ion is unlikely. Supplementary Fig. 2 . Possible influence of residual GBL in the sample. The percentage by weight of GBL relative to MAPI remaining in the sample material at different heating times starting from the precursor solution PbI 2 + CH 3 NH 3 I in GBL. The sample of MAPI was prepared as described in the methods section. The mass of the precursor solution was monitored during the annealing step at 100 °C for 6 hours under ambient conditions in a fume hood (the surrounding air was at ~ 20 °C and relative humidity ~ 20 %). The proportion of the sample's total mass that can be attributed to MAPI is shown as a function of time.
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The graph below if for the predicted HWHH for diffusion inside an impenetrable sphere of radius r=a; the other line is simple Fickian diffusion. The key feature is that a kink emerges around (Qa) 2 = 16-20 Å -2 . We can therefore estimate approximately where a characteristic kink on the FWHM should occur: for a sphere of radius a = 3.15 Å, we should observe a change of slope between Q 2 = 1.6 Å -2 and 2.0 Å -2 . The flat behaviour observed in Fig. 3b (main text) for Q 2 ranging from 0.52Å -2 to 3.1Å -2 allows ruling out this type of motion. Moreover, the same argument allows ruling out any similar constraint diffusion with a radius larger than 2.6 Å, which given the steric hindrance within the cage and the size of the MA + ion is unlikely. Supplementary Fig. 3 . Development of sample crystal structure during preparation. X-ray diffraction patterns of a mixture of PbI 2 , CH 3 NH 3 I and GBL, drop cast on to silicon wafers (prepared as described in the main text and Supplementary Fig. 2) , and heated at 100 °C, for different times before measurement using an X'pert pro PANalytical diffractometer (Cu K α , 40 mA, 40 kV, 5° -40°) at room temperature. The initial thickness of the precursor drop was approximately 2-3 mm with a diameter of approximately 20 mm. The drop thickness was similar to that used in the sample preparation. The measurements indicate that after 15 minutes of heating at 100 °C MAPI crystals had begun form from the solution, the slightly elevated background signal between 2θ = 20° and 40° is likely to correspond to liquid GBL. Also present are broad, unidentified, peaks that we tentatively assign to a MAI-PbI 2 -GBL solvated complex which may form as an intermediate prior to the formation of MAPI crystals. After 35 minutes at 100 °C no indication of these peaks remained although traces of the slightly elevated background still remain. After 2 hours of heating the material indicated only the presence of crystalline MAPI with trace PbI 2 . Further heating to a total duration of 6 hours followed by leaving the sample at room temperature overnight resulted in almost no change in the XRD pattern: crystalline MAPI with trace lead iodide. The x-ray diffraction patterns suggest that with the exception of traces of PbI 2 (which is frequently observed in XRD patterns of MAPI thin films for devices and does not contribute significantly to the incoherent neutron scattering intensity) no other crystalline phases were present in the material. Supplementary Fig. 4 . Monitoring the GBL FTIR signature during sample preparation. Fourier transform infrared spectra measured using attenuated total reflectance on the materials shown in Supplementary Fig. 3 . These were was scraped onto a Specac diamond sample stage mounted on a Perkin Elmer Spectrum 100 FTIR spectrometer at room temperature. The powdered material was not mixed with KBr to reduce the possibility of solvent loss and Br --I -ion exchange 4 in the samples prior to measurement. The spectrum collected after 15 minutes at 100 °C indicates a strong signature of GBL characterised by a number of strong absorption peaks between 600 -1700 cm -1 and weaker peaks at 2900 -3000 cm -1 , a particularly strong absorption band is the C=O stretch at approximately 1700 cm -1 . 5 After 35 minutes of heating the signature of GBL is significantly reduced, and after 2 hours the C=O peak has disappeared, suggesting little if any GBL remains in the material. The spectral features after 2 and 6 hours of heating appear broadly consistent with the FTIR spectrum for MAPI pressed into KBr pellets shown in reference 6 and the features seen for FTIR spectra of thin films in reference. Supplementary Fig. 5 . MAPI diffraction spectrum from the GEM spectrometer. Neutron diffraction spectrum of MAPI prepared as described in the methods section. Data collected by GEM using detector bank 2 are represented by black crosses. 8 The green line is the fitted background (fourth order Chebyschev polynomial function) while the red curve shows the expected peak shape from quantum chemical calculations of the relaxed structure. The pink markers indicate the expected position of the diffraction peaks and the blue line shows the residuals between experimental and theoretical data. and linearly fit to extrapolate the effective Debye-Waller factor. As a crude initial approach to explore the scattering data we analysed the scattering data in terms of an 'effective' Debye-Waller factor only as a means to assess the characteristic magnitude of atomic motion in the samples. This does not attempt to assign the broadening of the scattered energy spectra to the rotational modes as presented in the main text, but gives an indication of the extent of atomic motion in the sample under given conditions. At sufficiently low temperatures, below activation of diffusive motion, the mean square displacement, <u 2 >, can be rigorously interpreted as arising from (T-dependent) proton delocalisation. The incoherent dynamic structure factor was estimated by extrapolating temperature dependent data to T = 0 K to give S(Q,ω,T = 0 K), which we subsequently used to normalize S(Q,ω). In the absence of quasielastic broadening, the decrease of the elastic intensity is described by the Debye-Waller factor which corresponds to the mean squared vibrational displacement of the hydrogen atoms from their equilibrium location. Thus the slope of the logarithm of S(Q,ω,T)/S(Q,ω,T =0 K) is proportional to the apparent mean squared amplitude of vibrations, which enables us to infer the value of the Debye-Waller factor (see Supplementary Fig. 7 ). Supplementary Fig. 7 . Effective mean squared amplitude of the proton displacement. The <u 2 > values are inferred from the fits in Supplementary Fig. 6 assuming all motion can be described by the Debye-Waller factor, they are of plotted against temperature. The superimposed coloured zones give the limits of the different crystalline phases: orthorobic (blue), tetragonal (red) and cubic (green). The slope of <u 2 > with temperature changes significantly at 50 K and around 375 K. These changes are likely to correspond to the onset of new translational or rotational modes. Relatively little change in slope is observed across the orthorhombic-tetragonal crystalline phase transition at about 160 K. No high statistics measurements were collected above 370 K to analyse any potential new mode. We note the freezing point of pure GBL is around 230 K although in the presence of another phase this would be depressed. If significant quantity of liquid GBL were present in the sample and contributing the QENS peak broadening we would expect to see a change in slope of the effective Debye-Waller factor at the melting point, no clear change in slope is observed at or below the pure solvent freezing point attributable to its presence. Supplementary Fig. 8 . Methyl and/or ammonium rotation around the C-N axis. The elastic to elastic and quasielastic scattering intensity ratio, R 1 (Q), of the rotational motion attributed to CH 3 and/or NH 3 about the C-N axis (motion '1' in Fig. 1 corresponding to the broad Lorentzian in Fig. 3 main text) is plotted against Q. The solid lines correspond to the fitted EISF function, Equation 4 (main text), using the first line of Supplementary Table 1 for a 0 (Q), and the fitting parameter x 1 for the temperature dependent active fractions. The path geometry defined by a 0 (Q) in the fit corresponds to the threefold 'clicking' jump rotation of methyl or ammonium groups. 9, 10 There is a negligible difference between the fits using the NH 3 and CH 3 radii thus it is not possible to distinguish between the two possible modes. All the data is well fit by the model. The active fractions, x 1 , are presented in Fig. 3d (main text) . Supplementary Fig. 9 . Free rotation or 3-fold 'clicking' of NH 3 and/or CH 3 around the C-N axis? Elastic to elastic and quasielastic scattering intensity ratio, R 1 (Q), at 370K corresponding to rotational mode '1' in Fig. 1b assigned to the broad Lorentzian in Fig. 3 in the main text plotted against Q. Fits are shown using EISFs functions described in the first two rows of Supplementary Table 1 for the N-sites reorientation on a circle of radius 1.033Å for the clicking methyl or ammonium rotation (N = 3) and the free rotation about C-N (approximated by N = 6 since there is no analytical expression for the free rotation on a circle). The square markers represent the elastic to quasielastic scattering ratio. The active fraction at this temperature is 64%. For the momentum transfer range under investigation in this work, it was not possible to distinguish between three sight 'clicking' reorientation and the free rotation around C-N. Table 1 ) to the measured ratio of elastic to elastic and quasielastic scattering intensity, R 2 (Q). Right-hand column: value of the active fraction, x 2 , giving the best fits (if applicable) as a function of temperature. Note that there is possibly a shoulder in the R 2 (Q) data at 1.1 Å -1 , this could be consistent with a contribution of up to 5% of the mobile MA + ions being involved in free rotation or a slight contribution from coherent scattering (see Supplementary Fig. 13 ). Supplementary Fig. 11 . The invariance of R i (Q) to different Q-grouping and temperatures. To allow easier comparison of the scattering data corresponding to only the active scattering fraction, x i , we define a corrected elastic to elastic and quasielastic ratio, ( ) [ ( ) ( )] ⁄ . The corrected ratio, ( ), is plotted against momentum transfer for different temperatures, and for different numbers of detectors in a group. Upper panel: mode '1', lower panel: mode '2' in Fig. 1 (main text) . The shape of the elastic to quasielastic ratio against momentum transfer Q is expected to be independent of temperature and robust to changes of detector Q groupings which are used in order to improve statistics, at the expense of Q-resolution. The latter is particularly important if the coherent structure factor is significant or crystallinity is present (see Supplementary Fig.  13 ). The validity of the models may thus be checked by evaluating the temperature and Qgrouping dependence of the elastic to quasielastic ratio. If its shape varies significantly with temperature then the contribution of an additional mode or coherent reflection is likely to have been omitted from the analysis. No significant variation is observed between temperatures or using 6 and 9 detector groups within measurement and fitting uncertainty. Supplementary Fig. 12 . Geometrical path dependence of the EISF. Comparison of the models for two different reorientation paths of the C-N axis between adjacent lattice faces. One path corresponds to "direct" (in orange) and "conical" (in blue) reorientation in the 'face to face' hopping case. Experimental points of the elastic to elastic and quasielastic scattering ratio, R 2 (Q), at 370 K are represented by black square markers. The geometry of the motion determines shape of the EISF ratio (Supplementary Table 1) . The position of the minimum of the theoretical EISF varies depending whether the path between hops is conical or straight. A straight path would correspond to 90 o jumps of radius 1.39 Å whereas a conical reorientation between two sites is described by 120 o jumps of same radius. Similar reasoning applies for the other jumps under consideration. We found that the conical movement gave better fits in all cases. Supplementary Fig. 13 . The influence of diffraction on the scattering signal. Influence of coherent signal on the EISF. Comparison between the EISF given by ( ) from the elastic to elastic and quasielastic scattering ratio (corrected as in Supplementary Fig. 11 ) at 370K plotted against Q for different detector groupings and the position of diffraction peaks from the spectrometer GEM at ISIS. 8 Removing the detectors possibly affected by coherent neutron diffraction peaks had no significant influence on the shape of the EISF. This confirms that the analysis has not been significantly influenced by diffraction artefacts. Supplementary Fig. 14 . Activation energies for the two rotational modes. The average value of the Lorentzian peak broadening for all Qs was extracted at each temperature. Since these rotational processes should be thermally activated, Arrhenius enable the activation energy of each mode to be estimated within measurement uncertainty.Upper panel: rotational mode 1, corresponding to the broader Lorentzian in Fig. 3 . Lower panel: reorientation mode 2 corresponding to the narrower Lorentzian in Fig. 3 main text. On each plot, the coloured dashed line corresponds to the best linear fit while the dotted lines stand for the smallest and biggest slopes obtainable within the error bars (the extremal slopes are given on the graph in the form of intervals). Supplementary Fig. 15 . Experimental energy window of the spectrometers. The FWHM for each reorientation (mode 1: orange and mode 2: purple) are plotted on graph together with the limits of the spectrometer. The dotted lines correspond to the temperature dependence of the FWHMs extracted from the Arrhenius plots in Supplementary Fig. 14 . To interpret the active fractions of scatters presented in Fig. 4d (main text) , the values of the FWHM were checked against the experimental energy window. The aim of this analysis is to determine when a given motion is expected to enter the measurable energy window, and when it will leave it. Any Lorenzian with a FWHM broader than the measurement interval: [-0.55 eV; 0.55 eV] cannot be fitted unequivocally and will be detected as background (corresponding to the upper limit on the plot). Conversely, any Lorenzian with a FWHM smaller than the instrument resolution FWHM will disappear within the elastic peak (indicated on the graph by the lower limit). Therefore, in the case of the broad Lorenzian (corresponding to the methyl-rotation), the mode is expected to enter the energy-window around 50K, and will not leave it before 400K. For the sharp motion, the FWHM is distinguishable from the resolution above approximately 75K, and is not expected to disappear in the background at any of the investigated temperatures.
